Objective: To determine which mechanisms lead to activation of neurons in the motor cortex during transcranial magnetic stimulation (TMS) with different current directions and pulse waveforms. Methods: The total electric field induced in a simplified model of a cortical sulcus by a figure-eight coil was calculated using the finite element method (FEM). This electric field was then used as the input to determine the response of compartmental models of several types of neurons. Results: The modeled neurons were stimulated at different sites: fiber bends for pyramidal tract neurons, axonal terminations for cortical interneurons and axon collaterals, and a combination of both for pyramidal association fibers. All neurons were more easily stimulated by a PA-directed electric field, except association fibers. Additionally, the second phase of a biphasic pulse was found to be more efficient than the first phase of either monophasic or biphasic pulses. Conclusions: The stimulation threshold for different types of neurons depends on the pulse waveform and relative current direction. The reported results might account for the range of responses obtained in TMS of the motor cortex when using different stimulation parameters. Significance: Modeling studies combining electric field calculations and neuronal models may lead to a deeper understanding of the effect of the TMS-induced electric field on cortical tissue, and may be used to improve TMS coil and waveform design.
Introduction
The question of which cells are excited during transcranial magnetic stimulation (TMS) of the cerebral cortex, and by which physical mechanisms, has been debated since the early days of this technique. Modeling studies made a significant contribution to our understanding of peripheral nerve magnetic stimulation but have had a more limited impact in TMS. In peripheral nerve stimulation, it has been shown theoretically and experimentally that changes in the membrane potential of long straight axons are driven primarily by the gradient of the component of the electric field along the axon, and that stimulation occurs where this component is decreasing most rapidly along the direction of the nerve (Roth and Basser, 1990; Nilsson et al., 1992; Maccabee et al., 1993) . This simple description does not apply if the nerve bends sharply (Maccabee et al., 1993) or if it enters a bony foramen (Maccabee et al., 1991) . In contrast, a variety of mechanisms may be involved in cortical stimulation since numerous axonal bends and terminations provide additional sites where neurons can be depolarized by a strong electric field, even in the absence of a significant electric field gradient (Amassian et al., 1992; Nagarajan et al., 1993; Roth, 1994) . Furthermore, cortical neurons have a wide range of orientations relative to the applied electric field, due both to different orientations within the cortex and to cortical folding. Thus, it is conceivable that a strong tangential electric field may stimulate horizontal neurons in the crown of a gyrus (Day et al., 1989) or pyramidal neurons in the walls of the sulcus (Fox et al., 2004) . Also, heterogeneity and anisotropy of the electrical conductivity of brain tissue has a significant impact on the spatial distribution of the induced electric field (e.g. De Lucia et al., 2007; Miranda et al., 2003 Miranda et al., , 2007 and may therefore affect the site of stimulation. These factors increase the level of complexity involved in modeling cortical stimulation, making it more difficult to predict which neurons are stimulated during TMS than during magnetic stimulation of the peripheral nervous system.
